Although previous studies demonstrated decreased functional connectivity in the default mode network in the cognitively normal older adults with amyloid burden, effects of amyloid burden in the other large-scale intrinsic connectivity networks are not yet clear. The aim of this study was to investigate the distinctive association pattern of amyloid-b deposition on the three large-scale intrinsic connectivity networks (the default mode network, salience network and central executive network) in older adults with normal cognition. Fifty-six older adults with normal cognition underwent functional magnetic resonance imaging and were dichotomized using 11 C-labelled Pittsburgh compound B positron emission tomography imaging into subjects with (PiB +; n = 27) and without (PiBÀ ; n = 29) detectable amyloid burden. We found that the functional connectivities of (i) the default mode network were greater; (ii) the salience network were not different; and (iii) the central executive network were lower in the Pittsburgh compound B positive group, compared with the Pittsburgh compound B negative group. Anterior cingulate cortex Pittsburgh compound B retention was negatively correlated with the functional connectivities of the posterior default mode network, and positively correlated with fronto-parietal functional connectivity (within the central executive network) in the Pittsburgh compound B positive group. The anti-correlation strength between the default mode network and the central executive network was negatively correlated with the anterior cingulate cortex Pittsburgh compound B levels. Additionally, significant group Â episodic memory interactions with functional connectivities in the posterior default mode network, and the frontal default mode network were observed. Our results of aberrant default mode network functional connectivity and distinctive correlation patterns between the Pittsburgh compound B retention in the anterior cingulate cortex and functional connectivities in the default mode network and central executive network in the Pittsburgh compound B positive group might reflect a detrimental effect of amyloid retention on functional changes in the course of Alzheimer's disease progression.
Introduction
Beta-amyloid (amyloid-b) protein accumulation in the human brain is a characteristic of Alzheimer's disease and a key component in current theories of the disease's pathogenesis (Hardy and Selkoe, 2002) . The presence of amyloid-b might contribute to the deleterious effects occurring in synaptic processes, leading to impaired memory consolidation and failure to form new memories (Vannini et al., 2012) . Fibrillar amyloid-b protein deposition in the brain is measurable in vivo using the PET ligand Pittsburgh compound B (PiB) (Cohen et al., 2013) . As amyloid-b protein is known to accumulate for a number of years before the cognitive symptoms of Alzheimer's disease manifest (Jack et al., 2010) , emphasis in many research studies has moved towards detection of the earliest signs of amyloid-b deposition in cognitively normal individuals (Cohen et al., 2013) . Although amyloid-b deposition may be one of the earliest biological alterations in the pathophysiological cascade of Alzheimer's disease, additional events must occur before the clinical symptoms of Alzheimer's disease appear (Jack et al., 2009) . Therefore, identification of the earliest functional brain change in cognitively normal elderly subjects with amyloid burden is considered an important early milestone in progression to Alzheimer's disease. As compared to task-based functional MRI studies, which require interpretation of the functional connectivity within the context of the experimental paradigm, resting state functional MRI studies interrogate the intrinsic functional connectivity networks (ICN) without an experimentally determined context (Vemuri et al., 2012) . Previous studies have shown that ICN change is sensitive to functional brain changes related to Alzheimer's disease pathology across the clinical spectrum (Damoiseaux, 2012) .
In this regard, several previous studies have reported on ICN changes in the brains of subjects with amyloid deposition but no cognitive impairments (Hedden et al., 2009; Sperling et al., 2009; Sheline et al., 2010; Mormino et al., 2011) . They demonstrated decreased functional connectivity in the default mode network (DMN) in cognitively normal subjects with amyloid burden and distinctive correlation patterns between PiB retention and the DMN functional connectivity (Hedden et al., 2009; Sperling et al., 2009; Sheline et al., 2010; Mormino et al., 2011) . All of these studies limited their connectivity analyses to the DMN, most likely because it is altered early in the pathogenesis of Alzheimer's disease. Besides DMN, other stable ICNs have been identified in the human brain thus far, including the central executive network (CEN) and the salience network (SN). These ICNs have been found to play crucial roles in information processing, in a well coordinated manner with the DMN (Menon, 2011) . The DMN is related with activity in the CEN, which is activated during goaloriented activity (Uddin et al., 2009; Bressler and Menon, 2010) . This reciprocal relationship between these two networks reflects two types of distinct modes of cognitive processing: the DMN, serving untargeted inner thought in one mode; and the CEN, serving focused, stimulus-dependent attention in the second mode (Fox et al., 2005; Buckner et al., 2008) . In addition, functional switching between the DMN and CEN is known to be regulated by the salience network, which is responsible for generating appropriate behavioural responses to salient stimuli (Menon and Uddin, 2010) . Hence, functional changes in all three of these networks need to be investigated to explore more integrative neurobiological models of the effect of amyloid-b protein deposition on ICNs. In pursuit of this goal, the previous resting state functional MRI studies have demonstrated aberrant functional connectivity of the DMN, SN and CEN, along with loss of anti-correlation between the DMN and CEN in the disease continuum of Alzheimer's disease (Agosta et al., 2012; Brier et al., 2012) . Furthermore, a recent functional MRI study showed that spatial patterns of PiB uptake were positively correlated with ICNs, and that amyloid-b deposition had a negative impact on functional connectivity in subjects with amnestic mild cognitive impairment (MCI) with amyloid burden (Myers et al., 2014) . However, despite previous work on prodromal and clinical Alzheimer's disease, the distinctive pattern between amyloid burden and functional connectivity in the ICNs in cognitively normal older adults remains to be elucidated.
Other questions regarding the effect of amyloid-b on brain ICN also remain incompletely answered. Although Mormino et al. (2011) found a negative association between PiB retention and the DMN functional connectivity in cognitively normal elderly subjects, they did not examine the associations between amyloid load and DMN in PiBÀ and PiB + subjects separately. Cognitively normal elderly subjects with evidence of amyloid deposition have been reported to have a greater rate of change in cognitive function , and an increased rate of progression to Alzheimer's disease . Therefore, it is likely informative to separately analyse amyloid-b-related effects on the ICN of PiB + and PiB À subjects in order to distinguish effects of normal ageing from effects of preclinical Alzheimer's disease (Cohen et al., 2013) . Moreover, the lack of significant relationships between episodic memory scores and functional connectivity in the study by Mormino et al. (2011) , could be attributable to the inclusion of PiBÀ individuals, in which PiB measures may primarily reflect non-specific retention.
The aim of this study is to investigate functional connectivity differences in the three large scale ICNs (the DMN, SN and CEN) and the association of amyloid-b deposition on these ICNs in older adults with normal cognition. In addition, we explore group differences of inter-ICN functional connectivities between the PiB + and the PiB À groups, and the relationships between inter-ICN functional connectivities and amyloid-b deposition in the PiB + group. These are done with amyloid-b load treated as a dichotomous variable (PiB + and PiBÀ ), and also, within the PiB + group, amyloid-b load is used as a continuous measure, reflecting the local amyloid burden. In addition, in order to characterize the association of ICN with subtle cognitive change, we relate episodic memory performance to ICNs in the three large scale networks in the PiB + group versus the PiB À group.
As previous studies have found lower DMN functional connectivity in PiB + (Hedden et al., 2009; Sheline et al., 2010) , we hypothesized that we would observe similar findings. As a corollary, we expected that functional connectivities of the SN and the CEN, which were known to be anti-correlated with the DMN (Buckner et al., 2008; Brier et al., 2012) would be higher in the PiB + group, as compared to the PiB À group. Furthermore, the anti-correlation strength between the DMN and the SN/CEN would be negatively correlated with PiB levels in the PiB + group, as suggested in a previous study on Alzheimer's disease and amnestic MCI (Brier et al., 2012) . In addition, we expected the regional PiB retention would have distinctive association patterns with the three large ICNs in the PiB + group. Finally, we hypothesized significant differences between the PiB + and the PiB À groups in the associations between episodic memory and functional connectivity in the three ICNs.
Materials and methods

Subjects
Fifty-six elderly subjects with normal cognition were included. They were recruited from advertisements in the community, from a cohort of control volunteers at the University of Pittsburgh Alzheimer's Disease Research Centre (ADRC), and from the University of Pittsburgh Pepper Registry, which is a registry of studies on mobility, balance, and ageing.
The inclusion criteria of the subjects were as follows: (i) subjects aged 460 years; (ii) Mini-Mental Status Examination score 427; and (iii) Clinical Dementia Rating = 0 (Morris, 1993) . Subjects with any psychiatric, neurological and unstable medical conditions were excluded.
The cognitive testing battery included the following domains: memory, visuospatial construction, language, attention and executive functions. Detailed names of the tests and reviewing process are described in the Supplementary material.
PET acquisition
[ 11 C]PiB was produced and PiB-PET data were collected and analysed as previously described (Price et al., 2005) . The individual participant's MRI was utilized for co-registration and region of interest definition (Price et al., 2005; Cohen et al., 2009 ) and for correcting PiB-PET data for the diluting effects of expanding cerebrospinal spaces accompanying cerebral atrophy (Meltzer et al., 1999) . Analysis of the PiB PET data utilized a standardized uptake value ratio 50-70 min post-injection, using the cerebellum region of interest as the reference.
The PiB PET data were acquired within 6 weeks of clinical screening and cognitive testing. Cut-offs for PiB-positivity were determined using sparse k-means clustering with re-sampling, as described previously (Cohen et al., 2013) . Importantly, a subject was defined as PiB + if they exceeded the cut-off in any one of the six regions shown in Fig. 1 . This method was chosen to increase the sensitivity of detecting the earliest evidence of amyloid-b deposition (Cohen et al., 2013) . From sparse k-means clustering regional cut-offs were obtained for brain regions that most commonly show amyloid deposition in Alzheimer's disease: anterior cingulate cortex (cut-off = 1.78), frontal cortex (cut-off = 1.71), lateral temporal cortex (cut-off = 1.50), medial temporal cortex (cut-off = 1.42), parietal cortex (cut-off = 1.63), and precuneus cortex (cut-off = 1.73). Any subject who had PiB retention values exceeding this cut-off point in any one (or more) of these six brain regions was defined as PiB + .
MRI acquisition
Imaging data were collected at the University of Pittsburgh Magnetic Resonance Research Centre (MRRC) using a 3T Siemens Trio machine, and 12-channel Siemens head coil. A standard high-resolution T 1 -weighted volumetric magnetization prepared rapid gradient echo scan (MPRAGE) sequence was acquired in axial orientation (160 slices, 256 Â 240, 1 mm isotropic). For the resting-state scan, T 2 *-weighted blood oxygen level-dependent acquisition was done using a gradient echo planar imaging sequence: repetition time = 2000 ms, echo time = 34 ms, matrix = 128 Â 128 Â 29, voxel size = 2 Â 2 Â 3 mm 3 , oblique axial acquisition, integrated parallel acquisition techniques = 2. Images were acquired over 5 min (150 volumes). Subjects were instructed to lie still with their eyes open, look at a fixation cross, think of nothing in particular, and not to fall asleep.
Data analysis Independent component analysis
Resting state functional MRI preprocessing was carried out using the Multivariate Exploratory Linear Optimized Decomposition into Independent Components (MELODIC) (Beckmann et al., 2005) . Figure 1 PiB retention among the cognitively normal subjects without amyloid burden (PiB À ) and with amyloid burden (PiB + ). Group comparison results between the PiB + and PiB À groups using (A) region of interest (P 5 0.05, Holm-Bonferroni corrected for multiple comparisons) and (B) voxel-wise (P 5 0.05, FDR corrected for multiple comparisons) analyses. The standardized uptake value ratio levels in the PiB + were significantly increased compared with the PiB À group. SUVR = standardized uptake value ratio; ACC = anterior cingulate cortex; FRC = frontal cortex; LTC = lateral temporal cortex; MTC = medial temporal cortex; PAR = parietal cortex; PRC = precuneus cortex. *Significant P 5 0.05, Bonferroni corrected for multiple comparisons.
Individual pre-statistical processing consisted of motion correction, brain extraction, and spatial smoothing using a Gaussian kernel of full-width at half-maximum of 6 mm smoothing kernel. We used affine coregistration to motion-correct the resting state functional MRI data. No excessive head motion was observed (i.e. cumulative translation or rotation 43 mm or 3 and mean point-to-point translation or rotation 40.15 mm or 0.1 ). Frame-wise displacement (Power et al., 2012) or the root-mean-square of translational parameters (Van Dijk et al., 2012) were not different between groups (P 4 0.05, twosample t-tests).
A high-pass temporal filtering equivalent to 150 s (0.007 Hz) was also used. Functional MRI volumes were registered to the individual's structural scan and standard space images using FMRIB's Nonlinear Image Registration Tool (FNIRT). Preprocessed functional data containing 150 time points for each subject were temporally concatenated across subjects to create a single 4D data set. The between-group analysis of the resting data was carried out using a regression technique (dual regression) that allows for voxel-wise comparisons of resting functional connectivities (Filippini et al., 2009) . In this analysis, the data set was decomposed into 29 components in which the model order was automatically estimated using the Laplace approximation to the Bayesian evidence for a probabilistic principal component mode, and ICNs of interest (DMN, SN and CEN) were selected using spatial correlation against a set of previously defined maps (Shirer et al., 2012) . The DMN was identified as the spatial map comprising superior frontal, anterior and middle cingulate gyrus, angular gyrus, hippocampus and precuneus (Supplementary Table 4 ). The SN was identified as the spatial maps comprising anterior cingulate, and the bilateral anterior insular (Supplementary Table 4 ). The left CEN was identified as the left middle frontal gyrus, left inferior frontal gyrus, left angular gyrus (Supplementary Table 4 ).
Structural imaging analysis
An optimized voxel-based morphometry was conducted for investigation of the brain atrophy contribution to the changes of functional connectivity. Detailed processes are presented in the Supplementary material.
Statistical analysis
Statistical analyses for demographic data were performed with the Statistical Package for Social Sciences software (SPSS, version 12.0, Chicago, IL) . Assumptions for normality were tested for all continuous variables. Normality was tested using the Kolmogorov-Smirnov test. Two-sample independent t-tests were used to assess potential differences between the PiB + and PiB À groups for all continuous demographic variables and standardized uptake value ratio values, and Chi-square tests for categorical variables. The correlations between the standardized uptake value ratio values and the cognitive function scores were calculated in the PiB + group using multiple regression tests with age, gender and education controlled. The HolmBonferroni method was used for correction for multiple comparisons (Holm, 1979) . All statistical analyses used a two-tailed level of 0.05 for defining statistical significance.
The general linear model was used for measuring the group differences of the independent component analysis maps for each ICN. To examine the relationships between amyloid-b deposition and functional connectivity of the ICNs in the PiB + group, the global and the regional standardized uptake value ratio values from the six regions of interest used in the PiB analysis (the anterior cingulate cortex, the frontal cortex, the lateral temporal cortex, the medial temporal cortex, the parietal cortex and the precuneus cortex) were correlated with the voxel-wise independent component analysis maps of the DMN, the SN, the CEN functional connectivity using the general linear model. In addition, the general linear model with functional connectivity as the main outcome variable and episodic memory (CERAD Word List Recall) (Morris et al., 1989) scores and group as independent variables were performed as well as their interaction (episodic memory Â group). We controlled the effect of age, education and gender from the all general linear model analysis used. The threshold was set at P 5 0.05 [false discovery rate (FDR)] to control for multiple comparisons (Genovese et al., 2002) .
To calculate the inter-network correlations, we computed the timecourse signals of the individual subject for each ICN, which were entered in the partial correlation test between the ICNs with age, education and gender effects controlled. The correlation coefficients between each network were transformed to Z values to ensure the normality of coefficient distribution. To examine the group differences of the inter-ICN functional connectivity, one-way analysis of covariance (ANCOVA) was used with age, gender and education controlled. The relationship between amyloid-b deposition and the inter-ICN functional connectivity was measured with general linear model where age, education and gender effects were used as covariates. The resulting P-values were Holm-Bonferroni corrected for multiple comparisons.
Results
Baseline demographic and clinical data Table 1 shows the baseline demographic data in the two subject groups. All variables were normally distributed. There was no significant difference in gender, age, and education between the PiB + and the PiB À group. In addition, there were no significant differences between the PiB + and PiBÀ groups on the neuropsychological tests. The standardized uptake value ratio values of the both groups were significantly different in six regions of interest and global level ( Fig. 1 Table 3 ). In addition, there were no significant correlations between the standardized uptake value ratio values and the cognitive functions (Supplementary Table 9 ). Figure 2 shows the statistical map representing the DMN, the SN, and the CEN determined across all subjects. The coordination tables are shown in Supplementary Table 4 .
Group difference in functional connectivity
Group independent component analysis shows significantly increased functional connectivity in the DMN in the PiB + group compared to the PiB À group in the anterior cingulate cortex, precuneus cortex, and bilateral hippocampus (Fig. 3A and Table 2 , FDR corrected P 5 0.05). In the salience network, there were no significant differences between the PiB + and the PiB À groups in the functional connectivities. The functional connectivity in the left middle frontal gyrus was significantly decreased within the CEN in the PiB + group compared to the PiB À group (Fig. 3A and Table 2 , FDR corrected P 5 0.05). Figure 3B and Table 2 show correlation analysis results between the regional PiB retention and the functional connectivities within the DMN in the PiB + group alone. In the DMN of the PiB + group, the functional connectivity of the left angular gyrus and the posterior cingulate demonstrated negative correlations with PiB retention in the anterior cingulate cortex (FDR corrected P 5 0.05). In the salience network, there was no significant correlation between PiB retention and the functional connectivities in the PiB + group. In addition, the functional connectivity of the left middle frontal gyrus and the inferior parietal gyrus (within the CEN) showed significant positive correlations with PiB retention in the anterior cingulate cortex, which was not significant when the mean functional connectivity of the angular gyrus and posterior cingulate (within the DMN) were partialled out (FDR corrected P 5 0.05).
Pittsburgh compound B retention and functional connectivities
Effect of amyloid-b on the relationships between episodic memory and functional connectivities
In the DMN, there was a significant group Â episodic memory interaction in the functional connectivities of (i) the left angular gyrus and the posterior cingulate; and (ii) the right superior frontal gyrus and the mid-cingulate cortex ( Fig. 3C and Table 2 , FDR corrected P 5 0.05). As the interaction between group and episodic memory was statistically significant, to determine the direction of the association between functional connectivity and episodic memory, we performed separate general linear models for each PiB group (functional connectivity as outcome and episodic memory as the independent variable) with age, gender and education controlled. The episodic memory scores showed positive correlation with the left angular gyrus and the precuneus cortex, and negative correlations in the right superior frontal gyrus and left mid-cingulate cortex (Fig. 3C , FDR corrected P 5 0.05) in the PiB + group. However, no significant correlations between the episodic memory score and the functional connectivity were observed in the PiB À group. In the SN and CEN, no significant interactions or correlations were observed.
Inter-intrinsic connectivity network functional connectivity and relationship with PiB retention Both groups showed the negative correlation between the DMN functional connectivity and the CEN. As shown in Fig. 4C , the time course of blood oxygen level-dependent signal showed the anti-correlation between the DMN and the CEN. However, the SN showed no significant correlations between the DMN and the CEN. There were no significant inter-ICN functional connectivity differences between the PiB + and the PiBÀ groups (Fig. 4A , Bonferroni corrected P 5 0.05). In the PiB + group, inter-ICN functional connectivity between the DMN and the CEN was positively correlated with the anterior cingulate cortex PiB level (Fig. 4B) indicating the DMN-CEN anti-correlation strength was negatively correlated with the anterior cingulate cortex PiB level. However, no significant correlations with PiB levels were observed in the other inter-ICN functional connectivities in the PiB + group.
Discussion
To the best of our knowledge, this is the first study to examine the effect of amyloid burden on the three large scale ICNs (the DMN, SN and CEN) in older adults with normal cognition. Furthermore, we describe a distinctive pattern of associations between functional connectivity, regional amyloid deposition and episodic memory in PiB + individuals.
Functional connectivity differences between the PiB + and PiB À groups
We found that the functional connectivities of (i) the DMN were greater; (ii) the SN were not different; and (iii) the CEN were lower in the PiB + group, compared to the PiB À group. These results differed from previous studies that have found lower DMN functional connectivities in Alzheimer's disease, amnestic MCI and cognitively normal subjects with amyloid burden (Hedden et al., 2009; Sheline et al., 2010; Mormino et al., 2011; Agosta et al., 2012) . These discrepancies might be attributable to biphasic changes in functional connectivity across the longitudinal process of amyloid-b deposition, and therefore may not necessarily be contradictory (Ewers et al., 2011; Sperling et al., 2011) . In these regards, we modified the two previous models proposed on the higher metabolic activity or functional connectivity according to amyloid deposition in Alzheimer's disease trajectories (Cohen et al., 2009) . One is the 'acceleration' hypothesis suggesting that once amyloid-b deposition is initiated by independent events, a milieu of higher functional connectivity hastens this deposition, which eventually leads to the functional disconnection or metabolic deterioration in the subjects with amyloid burden (Cohen et al., 2009; Johnson et al., 2014) . During the period, there might be possibilities of the toxic excitation of affected neurons and compensatory higher functional connectivity induced by the amyloid retention (Mormino et al., 2011) .
Although not verified in humans in vivo, previous work in animal models has shown that intermediate levels of amyloid-b enhance synaptic activity presynaptically (Abramov et al., 2009) , whereas abnormally high levels of amyloid-b impair synaptic activity by inducing post-synaptic depression (Palop and Mucke, 2010) . In addition, a recent functional imaging study using FDG-PET showed greater metabolic activity in the superior temporal area and the medial thalamus in the PiB + group compared to the PiB À group (Johnson et al., 2014) . They proposed that this higher metabolism in the PiB + group may represent an early event in the Alzheimer's disease cascade in reaction to the presence of amyloid, in a process that eventually leads to metabolic decline. The other one is the 'brain reserve' hypothesis insisting that higher functional connectivity reflects a stable trait that imparts the capacity to withstand amyloid-b deposition and maintain normal cognition (Cohen et al., 2009) . By selecting for normal cognition, we could have created a bias towards higher DMN functional connectivity in our PiB + subjects that would not be required in the PiBÀ subjects. As the present study was crosssectional and not suitable for explaining causality, prospective longitudinal studies would be needed to distinguish these possibilities. Among the DMN areas showing aberrant functional connectivity, the PiB + group showed higher bilateral hippocampal functional connectivity compared with the PiB À group. In contrast to our results, Sheline et al. (2010) found that PiB + showed lower hippocampal functional connectivity within the DMN. They suggested that lower hippocampal functional connectivity dysfunction in the DMN might be due to its extensive connection with the posterior cingulate/precuneus cortex, and their approach of posterior cingulate seed-based analysis would be particularly sensitive to that. In the region of interest-to-region of interest connectivity within the DMN (Supplementary material), we found that the PiB + individuals have greater functional connectivity between the hippocampus. In related work, Huijbers et al. (2014) , used task-based functional MRI. They found that in cognitively unimpaired older adults, the presence of amyloid is associated with decreased deactivations; and the effect was localized to the entorhinal cortex. They suggest that the entorhinal cortex may be the most important medial temporal lobe structure, as it is more affected by amyloid-b retention due in part to their extensive connection with the DMN in the cognitively normal older adults (Huijbers et al., 2014) . The entorhinal and hippocampal functional connectivity changes in older adults are of particular interest because they are directly linked to the episodic memory functions which are pathognomonic signs of the Alzheimer's disease (Huijbers et al., 2014) . Besides the amyloid-b retention, tau pathology has also been linked with these medial temporal memory systems (Braak and Braak, 1991; Huijbers et al., 2014) . Hence, as the recent development of the tau PET in vivo imaging (Villemagne and Okamura, 2014) , future multimodal analyses of functional connectivity, PiB and tau imaging could clarify the relationship between the Alzheimer's disease pathology and medial temporal system functional changes.
In addition to the functional connectivity change in the DMN, we also observed decreased functional connectivities of the CEN and no significant change of the functional connectivity in the SN in the PiB + group relative to the PiBÀ group. The DMN is known to be involved in the retrieval of autobiographical episodic memory as well as self-referential processing (Spreng et al., 2009; Whitfield Gabrieli et al., 2011) . The CEN is critical for active maintenance and manipulation of information in working memory, and for judgement and decision-making in the context of goal-directed behaviour (Petrides, 2005; Muller and Knight, 2006; Koechlin and Summerfield, 2007) . In addition, the SN is known to be involved in cognitive control functions such as attention, working memory, and response selection, and also serves the dynamic switching between the DMN and the CEN (Menon et al., 2001; Menon and Uddin, 2010) . During tasks that demand attention and mental control, the DMN is usually deactivated, but the CEN and the SN are activated (Fox et al., 2005; Uddin et al., 2009; Menon and Uddin, 2010) . This reciprocal relationship between these ICNs has been supported by several studies that have found negative correlations (anti-correlations) between the DMN and the CEN or SN (Uddin et al., 2009; Menon and Uddin, 2010) . Agosta et al. (2012) found greater functional connectivities of the CEN and lower functional connectivities of the DMN in Alzheimer's disease (Agosta et al., 2012) . They also reported lower functional connectivities in the DMN, but not in the CEN and SN in subjects with amnestic MCI (Agosta et al., 2012) . Another resting state functional MRI study by Machulda et al. (2011) revealed lower functional connectivities in the DMN and relatively greater functional connectivities in the SN in cognitively normal older adults who carry the ApoE4 allele. They suggested that the greater frontal lobe functional connectivities (the CEN and the SN) might be due to a compensatory mechanism associated with DMN impairments (Machulda et al., 2011) . Our results, which show greater DMN functional connectivity and lower CEN, which were reciprocally anti-correlated, differ from other studies. This might be due to aberrant hyperactivity of the DMN and its anti-correlation to the CEN (i.e. a compensatory process). 
Relationships between the PiB retention and functional connectivity
We observed a significant negative correlation between the regional PiB retention in the anterior cingulate cortex and the functional connectivity of the posterior DMN (posterior cingulate/ angular gyrus) in the PiB + group. In addition, we also found a significant positive correlation between the anterior cingulate cortex PiB retention and the left fronto-parietal functional connectivity (within the CEN) in the PiB + group. These are consistent with a previous study showing a negative correlation between the global PiB retention and the posterior DMN functional connectivity (Mormino et al., 2011) . Moreover, this same study also reported positive correlations between the frontal DMN functional connectivities and global PiB retention (Mormino et al., 2011) . Interestingly, our results show that the regional PiB accumulation in the anterior cingulate cortex was only significantly correlated with the functional connectivities (posterior DMN and fronto-parietal CEN) in the PiB + group. As seen in the Fig. 1 , the PiB + group showed the weighted retention of the PiB in the anterior cingulate cortex, compared with the other brain areas. This weighted anterior cingulate cortex PiB retention was also observed in the validation study of our quantitative classification method of the PiB positivity (sparse k-means clustering method) in the cognitively normal older adults (Cohen et al., 2013) , which was in accordance with pathological Braak stage I indicating earlier amyloid deposition in the brain (Braak and Braak, 1991) . In these regards, as compared to retention in the other areas, the weighted retention of amyloid in the anterior cingulate cortex might cause a significant effect on the functional connectivities in the PiB + group. In addition, the 'distant' correlation pattern was in-line with our previous study using FDG-PET in the Alzheimer's disease group (Cohen et al., 2009) . Although these results do not clarify the precise underlying neurobiological mechanisms, they do suggest that the 'distant' correlation pattern between the frontal PiB level and the posterior cingulate metabolism might be attributable to the closely inter-correlated PiB retention throughout the brain in the Alzheimer's disease group. In this light, our result of 'distant' correlations should be interpreted cautiously because highly interrelated covariance of regional PiB levels (Supplementary Table 3 ) could generate apparent 'distant' correlations even when none exist. Overall, the negative correlation of lower functional connectivity with higher PiB retention, together with the observation of greater functional connectivity in the DMN of PiB + subjects, does not distinguish between the compensation and high-reserve explanations presented above but prove the downstream effect of amyloid-b deposition on functional connectivity (Mormino et al., 2011) . It could be that early compensatory increases fail with increased amyloid-b deposition or that baseline high functional connectivity (reserve) diminishes as amyloid-b load increases (downstream effect) (Mormino et al., 2011) . In this study, we also investigated the inter-ICN functional connectivity, which showed no significant group differences. In addition, we observed that anti-correlation strength between the DMN and the CEN was negatively correlated with anterior cingulate cortex PiB level in the PiB + group. A previous study found that the DMN-CEN anti-correlation diminished according to the disease staging (normal, amnestic MCI and Alzheimer's disease) (Brier et al., 2012) . Other previous work has shown that the DMN and the CEN functional connectivities were negatively correlated with PiB level in the amnestic MCI group, but not in the control group (Myers et al., 2014) . They proposed a graded network degeneration hypothesis that amyloid-b pathology deposition and connectivity-based spread will start in the DMN, followed in close succession by a number of other heteromodal networks, leading to a cross-network functional connectivity gradient according to Alzheimer's disease progression (Myers et al., 2014) . Our results expand previous studies to cognitively normal older adults by suggesting that the amyloid burden may be related to loss of the DMN-CEN anti-correlation, which may play an important role in maintaining normal cognition. However, further longitudinal analysis will be needed to confirm the effect of the amyloid on DMN-CEN anti-correlation according to Alzheimer's disease cascade.
In the present study we also compared the effect of amyloid-b on the relationships between episodic memory and functional connectivities of three ICNs. We found significant group Â episodic memory interactions in the posterior and frontal DMN functional connectivity. Furthermore, the PiB + group showed a positive correlation between functional connectivity and episodic memory in the posterior DMN, and negative correlations in the frontal DMN, which may be interpreted in two ways: (i) poorer episodic memory associated with higher functional connectivity in frontal DMN and lower functional connectivity in posterior DMN; and (ii) better episodic memory associated with higher functional connectivity in posterior DMN and lower functional connectivity in the frontal DMN in the PiB + group. The former interpretation was in-line with the previous functional studies in cognitively normal older adults (Mormino et al., 2011) and subjects with amnestic MCI (Dunn et al., 2014) , reflecting a downstream effect of the amyloid retention in the posterior DMN and compensation of the frontal DMN brain (Mormino et al., 2011) . In addition, this interpretation could be supported by our findings that the DMN functional connectivity-episodic memory correlation patterns were similar to the DMN functional connectivity-PiB level correlation patterns. However, as there was only a negative trend between the PiB level and episodic memory (Supplementary Table 9 ), we should interpret these relationships cautiously. In terms of the latter interpretation, as discussed above, this relationship could represent a stable trait, reflecting brain reserve with efficient cognitive processing (Cohen et al., 2009 ). This was supported by several functional MRI studies showing that the posterior DMN was activated during episodic memory retrieval and the frontal DMN was strongly deactivated in younger cognitively normal adults (Buckner et al., 2008; Sestieri et al., 2011) . Overall, our results show dissociation between the frontal and posterior DMN in relation to episodic memory, which is in-line with previous studies. However, the precise neurobiological mechanisms underlying the dissociation between the frontal and posterior DMN are still not clear. Future longitudinal analyses are needed to confirm the effect of amyloid on functional connectivity and cognitive decline.
Limitations and future perspectives
The limitations of our study include the following. First, as this study was cross-sectional, we can only report correlations, and have limited ability to infer causal pathways. Further longitudinal analysis on the trajectories of Alzheimer's disease and normal ageing will be needed to clarify the causal effect of amyloid-b on the ICNs. Second, although the number of the subjects with the ApoE4 allele was low, there might be an effect of the ApoE4 allele on the functional connectivity of ICNs in the cognitively normal subjects as several previous studies indicated (Filippini et al., 2009; Machulda et al., 2011) . Hence, exploring the interaction between the APOE gene, functional connectivities and PiB retention would be needed for an integrative model of neurobiological mechanisms of the normal ageing process. Third, as we recruited ICNs of interest that were most similar to the previously identified networks template, we could not observe other networks of interest, such as the right-side CEN. Last, we could not investigate the spatial correlation between amyloid burden and functional connectivity within the network boundaries. As indicated in the previous study in the subjects with amnestic MCI (Myers et al., 2014) , these distinctive correlations within the boundary of network would be helpful to identify the more sophisticated neurobiological process of amyloid burden on functional connectivity in cognitively normal older adults.
In conclusion, we have shown altered functional connectivities of the three large functional ICNs and a distinctive pattern of correlations with episodic memory and regional PiB retention in cognitively normal older adults with amyloid burden. As recent clinical trials of disease-modifying agents in Alzheimer's disease have failed, the focus in Alzheimer's disease drug development is shifting from treatment to prevention (Vellas et al., 2011) . Hence, the newer strategies will examine the potential neuroprotective activity of these drugs in the preclinical stage of Alzheimer's disease, with the help of biomarkers that predict disease progression before development of overt dementia (Salomone et al., 2012) . If our results of aberrant DMN hyperactivity/hyper-connectivity in the PiB + group reflect a very early, reversible functional change in the longitudinal course of Alzheimer's disease progression, these changes in functional connectivity in large ICNs could be a critical measure of therapeutic intervention. However, large and longitudinal prospective studies will be necessary to test this hypothesis
